We investigated the origin of the optical responses of a two-dimensional photonic crystal (2D-PhC) optode membrane ion sensor based on plasticized poly(vinyl chloride) (PVC) containing lipophilic dye. We previously developed a highly sensitive potassium ion sensor. However, the contributions of various factors to the sensor's optical response could not be distinguished. Here, we synthesized a lipophilic dye with spectral changes that do not overlap with those of propagated light in the PhC. Using this synthesized dye excluded the contribution of light absorption by the dye to the peak intensity change of the ion sensor. In refractive index standard solutions, the bulk refractive index change upon ion extraction contributed negligibly. The contribution of diffracted light scattering by optical transparency change of the plasticized PVC upon ion extraction accounted for approximately 45% of the ion sensor's total response. These findings are important for the development of highly sensitive plasticized PVC-based 2D-PhC ion sensors.
Introduction
Photonic crystals (PhCs), which have dielectric and periodic nanostructures, can control the light direction and speed through Bragg's reflection and interference. 2 These behaviors depend on the relative refractive index between the base material of the PhC and the surrounding medium; thus, these materials can be used to create highly sensitive label-free optical sensors. These sensors detect surface refractive index changes 3 based on DNA-DNA hybridization, 4, 5 and immuno-reaction at the PhC surface. 6 However, detecting small molecules, such as ions and enzyme reaction products, is generally difficult because high concentrations of such molecules are required to induce a refractive index change in the surrounding medium.
To overcome these problems, a PhC colloidal array (PCCA) sensor that enables the detection of small molecules based on the swelling and shrinking of the PCCA base material, which alters the periodic colloidal array structure, has been reported. 7 Many types of PCCA-based optical sensors have been developed for use in various analytes, including ions, [8] [9] [10] surfactants, 11 and proteins. 12 However, in general, PCCA-based optical sensors have disadvantages such as slow response based on slow swelling and shrinking processes and poor fabrication reproducibility because of abundant defects in the colloidal array.
Therefore, we have been developing PhC-based optode membrane ion sensors in which the PhC material itself has selective extraction and color-change abilities. 1 These PhCbased optode membrane ion sensors were fabricated using plasticized poly(vinyl chloride) (PVC) containing ionophores and lipophilic dyes. Plasticized PVC membranes are typical materials used for developing chemical sensors. [13] [14] [15] [16] [17] [18] [19] [20] The sensing principle of this optode membrane ion sensor involves the detection of the refractive index change 21 and color change of a lipophilic dye in a base material of PhC (PVC) by ion extraction. Subsequently, the diffraction intensity change caused by ion extraction into the PhC is observed. This PhC-based optode membrane ion sensor can detect K + selectively, sensitively, rapidly, and reproducibly. 1 However, the contributions of the bulk refractive index change of the base material (i.e., plasticized PVC) and absorption of diffracted light at a specific wavelength by the lipophilic dye could not be clearly distinguished. To clarify the contributions of these factors, in this study, we synthesized a lipophilic dye, the spectrum of which does not overlap with the specific diffraction wavelength of the PhC-based optode membrane ion sensor (Fig. 1) . We chose acidic dye, because K + sensing optode membrane using acidic dye is not necessary for lipophilic acid such as a TFPB. Thus, using this acidic dye for this detection principle for our PhC, larger material property change (e.g. refractive index and clarity) than previously used lipophilic dye can be obtained. Using this dye fully excludes the contribution of propagated light absorption by the dye. In addition, we chose K + selective optode membrane, that the principle had been clearly identified. Thus, the contributions of other factors can be elucidated. Here, the contribution of the refractive index change was estimated from the detection light intensity change determined using refractive index standard solutions. Finally, we propose the possibility of additional contributing factors to the optical response.
Experimental

Reagents and chemicals
High-molecular weight PVC was purchased from SigmaAldrich (St. Louis, MO).
2-Amino-2-hydroxymethyl-1,3-propanediol was purchased from KC (Tokyo, Japan). 2-Nitrophenyl octyl ether (NPOE), 4-nitrocatechol, and 1-bromooctadecane were purchased from TCI (Tokyo, Japan). Poly(vinyl alcohol) (PVA) (saponification degree: 78 -82 mol%), valinomycin (K + ionophore), HCl, KOH, KCl, NaCl, and NaH were purchased from Wako Pure Chemicals (Osaka, Japan).
Apparatus
To fabricate a cycloolefin polymer (COP) mother mold (diameter: 230 nm, lattice constant: 460 nm, depth: 200 nm), a printable photonics technique based on nanoimprint lithography (NIL) was performed using a nanoimprint apparatus (X-300, SCIVAX Corp., Kanagawa, Japan). 22 To evaluate the optical responses, an ultraviolet (UV)-visible (VIS) spectrophotometer (USB-4000-UV/VIS, wavelength range: 200 -1100 nm), a tungsten halogen light source (HL-2000, wavelength range: 360 -2000 nm), and an optical fiber probe bundle (R-400-7 UV/VIS, fiber core diameter: 400 μm, wavelength range: 250 -800 nm) from Ocean Optics (Dunedin, FL) were used. Scanning electron microscopy (SEM; VE-9800, KEYENCE, Tokyo, Japan) was conducted to obtain surface images of the PhC.
Characterization of a plasticized PVC membrane containing the synthesized lipophilic dye and valinomycin
The synthesis of the lipophilic pH indicator dye (nitrocatechol octadecyl ether [NCODE] ) is described in the Supporting Information (SI). A PVC solution of the conventional K-ionselective optode membrane 19, 20 containing valinomycin (5.33 mg), NCODE (2.69 mg), NPOE (74.65 mg), and PVC (37.33 mg) in tetrahydrofuran (THF, 1080 mg) was prepared. The PVC solution was then spin-coated on a glass plate (1500 rpm, 10 s). The sample optode membrane was set into a handmade flow cell. To evaluate the ion extraction and sensing performance, 0.01-M Tris-HCl in 0.1-M MgCl2 buffer (pH 7.4) was used. Standard aqueous solutions of K + (i.e., K + test solutions) were prepared by dissolving KCl at concentrations of 10 -6 -10 -1 M. To investigate the minimum and maximum optical responses of the PVC-based PhC, acid and base solutions of 10-mM HCl and 10-mM KOH, respectively, were used.
Fabrication of the PhC-based optode membrane ion sensor based on a plasticized PVC membrane
The details of the fabrication procedure applied to obtain the PhC-based optode membrane ion sensor using plasticized PVC were reported previously. 1 The PVC solution was spin-coated (1500 rpm, 10 s) on a PVA pillar array mold fabricated with the COP mother mold and dried at room temperature. Then, the support film (poly(ethylene terephthalate) [PET]), which had a thickness of 80 μm and was transparent, was attached, and the PVA pillar array mold was removed by immersing in water for 1 h. This fabrication procedure yielded the PhC-based optode membrane ion sensor (thickness: approximately 350 nm).
Preconditioning of the PVC-based PhC
To condition the PhC-based optode membrane ion sensor, it was immersed into 10-mM Tris-HCl (pH 7.4) for 1 h at room temperature. Subsequently, the PhC-based optode membrane ion sensor was attached to a handmade measuring holder for insertion into the handmade flow cell.
Evaluation setup for the PhC-based optode membrane ion sensor
The diffraction spectra of the PhC-based optode membrane ion sensor were monitored using a fiber-bundled optical probe under sample flow conditions, as reported previously. 1 In this setup, the sample solution flows on both sides of the PhC-based optode membrane ion sensor. This apparatus allows continuous sample exchange and measurement of diffraction spectra in real time. To collect the diffraction spectra, white light irradiation was provided from the perpendicular direction using the optical fibers surrounding the probe. Then, the diffraction spectra were obtained using a spectrometer via a center optical fiber in the bundled optical probe.
Investigation of the refractive index effects of the sample solution
To investigate the influence of the surrounding refractive index on the optical responses, sucrose aqueous solutions with various concentrations (i.e., 0.1, 1, 5, 10, 15, and 20 w% refractive index standard solution) were prepared. These sample solutions have different refractive indexes (i.e., 1.3327, 1.3340, 1.3373, 1.3452, 1.3514, and 1.3579, respectively) that depend on the sucrose concentration. These refractive index standard solutions were introduced into the flow cell containing the PhCbased optode membrane ion sensor, and the changes in the diffraction spectrum were monitored. 
Results and Discussion
Characterization of a conventional plasticized PVC membrane containing NCODE and valinomycin
Figure 2(a) shows the diffraction spectra of the PhC-based optode membrane containing NCODE and valinomycin ion sensor. When the plasticized PVC optode membrane was introduced into the K + -containing buffer solutions, the plasticized PVC exhibited a color change caused by ion extraction and the deprotonation of NCODE. The absorption peak of NCODE was observed at approximately 430 nm, whereas the diffraction peak corresponding to PhC was observed at 579 nm. Thus, the absorption spectrum of NCODE did not overlap with the diffraction peak of the PhC-based optode membrane ion sensor. Calibration curve of plasticized PVC optode membrane containing NCODE and valinomycin was shown in Fig. 2(b) . NCODE was contained 2 isomers, however, absorption spectra change was linearly. Hence, NCODE possesses the ideal optical property for this application. Figure 3 shows the spectral changes observed for the PhCbased optode membrane containing NCODE and valinomycin resulting from the introduction of 0-mM KCl and 100-mM KCl solutions. Introducing sample solutions containing K + ions decreased the diffraction intensity by a total of 25% because of the bulk extraction of ions. Figure 4 shows the calibration curve of the PhC-based optode membrane ion sensor containing NCODE and valinomycin.
Evaluation of the PhC-based optode membrane ion sensor containing NCODE
When K + -containing sample solutions were used, the diffraction intensity decreased as the K + concentration increased. In contrast, when Na + -containing solutions were used, the diffraction intensity did not change because valinomycin possesses approximately 5000 times higher selectivity for K + than for Na + , in this case, bulk extraction does not occur. 23 Thus, this decreasing diffraction intensity was caused by bulk extraction. However, the diffraction peak intensity change shown in Fig. 3 was not attributed to the absorbance change of NCODE in the PhC-based optode membrane ion sensor, as discussed above. Therefore, the diffraction intensity change was ascribed to the material property change (e.g. refractive index and clarity) of the plasticized PVC.
To investigate this phenomenon, the effect of relative refractive index changes on the diffraction intensity should be investigated because the diffraction intensity change is mainly governed by the relative refractive index change between the base material and the surrounding medium. Therefore, the diffraction intensity change was investigated using refractive index standard solutions. Figure 5 presents the diffraction intensity changes observed when sucrose solutions with different concentrations (i.e., refractive index standard solutions). The vertical dot line is refractive index of buffer solutions containing 0-or 100-mM KCl (n = 1.3327, 1.3341), and the horizontal line is diffraction intensity of buffer solutions containing 0-or 100-mM KCl. In this experiment, plasticized PVC-based PhC without valinomycin or NCODE was used to evaluate only the relative refractive index change between the PVC phase and aqueous phase. As shown in Fig. 5 , the diffraction intensity change caused by the relative refractive index change between the PVCbased PhC phase and buffer solutions containing 0-or 100-mM KCl was relatively small (ΔI = 3%). Also, the refractive index change of the PVC membrane itself upon ion extraction was reported to be on the order of 0.005. 21 Because the relationship shown in Fig. 5 can be also applied to estimate the effect of the refractive index change of PVC phase on the diffraction intensity change (ΔI), we inserted the refractive index change value of 0.005 into the relationship shown in Fig. 5 and determined that the observed diffraction intensity change (ΔI) of approximately 5% was the maximum value. However, in this case, the direction of the diffraction intensity change upon ion extraction is opposite to that corresponding to increasing ion concentrations in the sample solution. Thus, these effects canceled each other out. Therefore, the refractive index changes of the PhC-base material and the surrounding medium do not drastically affect the optical responses of the PhC-based optode membrane ion sensor upon the bulk extraction of K + . Based on these considerations, the diffraction intensity change is likely to be mainly attributable to the optical transparency change of plasticized PVC. The transparency of plasticized PVC is altered by light scattering caused by water penetration when ions are extracted into the bulk of the PVC. 24, 25 Hence, the specific peak spectra of PhC based on light diffraction and interference, strength of diffraction light was decreased. This is because, the light scattering directly reflects the decrease in diffraction intensity. This light scattering is directly linked to the decrease in the diffraction intensity. Thus, the scattering of diffracted light within the plasticized PVC phase may contribute to the optical response of the present sensor. Because the total diffraction intensity change (ΔI) was approximately 25%, as shown in Fig. 4 , and the contributions of bulk refractive index changes of the sample solution phase and PVC phase were estimated to have maximum values of (+)3% and (-)5%, respectively, the total diffraction intensity change of 25% is considered to be primarily governed by light scattering which caused by clarity change.
Thus, when a lipophilic dye is employed that has an absorption spectrum that overlaps the diffraction spectrum of PhC is quite advantageous for obtaining a highly sensitive response. Because conventional optode membrane-based ion sensors typically rely on the absorbance changes of lipophilic dyes, PhC-based optode membrane ion sensors using dye-doped plasticized PVC have advantages for highly sensitive ion sensing compared with conventional optode membrane-based ion sensors because of the use of both the absorbance change of the lipophilic dye and the optical transparency change of the base material. Furthermore, using a dye with greater molar absorptivity is expected to contribute to the development of more sensitive ion sensors.
Conclusions
In this study, the detailed optical responses of a PhC-based optode membrane ion sensor were investigated. First, we synthesized a lipophilic dye (NCODE), the absorption spectrum of which does not overlap with the PhC diffraction peak wavelength. Using NCODE and valinomycin, a PhC-based optode membrane ion sensor was fabricated and confirmed to function as a K-ion sensor. This PhC-based optode membrane ion sensor exhibited a diffraction intensity change (ΔI) of 25% resulting from the bulk extraction of K ions into plasticized PVC. The contributions of the refractive index changes of the sample solution and PVC phase were negligible; thus, the optical response was likely primarily governed by optical transparency changes. Compared with a previously reported dye-doped PhC optode membrane ion sensor, using a dye whose spectrum overlaps that of the diffraction wavelength was advantageous for designing and fabricating highly sensitive optode membrane ion sensor. 
